A novel dispersive liquid-liquid microextraction method based on solidification of floating organic drop (DLLME-SFO) was developed for the preconcentration of ultratrace amounts of palladium (Pd)(II) before its determination by electrothermal atomic absorption spectrometry. Diphenyl ether (m.p. 26 C) was used for the first time as a heavier than water organic solvent in the developed method. Pd was complexed by N,N′-bis(thiophen-2-ylmethylene)ethane-1,2diamine to be extracted into the dispersed diphenyl ether phase using acetonitril as the disperser solvent. Upon cooling and centrifugation, the organic solvent was sedimented at the bottomn and the aqueous phase was easily decantated. Some factors influencing the extraction efficiency of Pd(II) and its subsequent determination, including extraction and dispersive solvent type and volume, pH of sample solution, concentration of the chelating agent and salting out effect, were studied and optimized both with univariate and multivariate methods. Under the optimized conditions, the calibration graph exhibited linearity over a range of 10 -120 μg L -1 . The enrichment factor was 83.3, the detection limit for Pd (3σ) was 47 ng L -1 and the relative standard deviation was 3.2% (n = 10, 1 ng mL -1 ). The method was successfully applied to the determination of trace amounts of Pd(II) in water samples.
Introduction
Palladium (Pd) is one of the platinum group metals (PMGs). Pd and its alloys has been used as a precious metal in different areas of science and technology, including as agents, brazing alloys, petroleum, electrical industries, catalytic chemical reactions, nuclear fuel, oxidation of phenolic compounds, production of catalytic converters 1 and the automotive industry. 2 In addition, alloys of Pd are used in dental and medicinal devices and in jewelry manufacture (2 -5%), 3, 4 because of its attractive physical and chemical properties such as high melting point, corrosion resistance and extraordinary catalytic properties. 5 An increase of Pd in the environment has been shown in air and dust samples 6 leading to contamination of food and water-bodies which finally lead to bioaccumulation in the living organisms through diverse pathways. 7 Palladium can be determined by highly sensitive and selective techniques such as electrothermal atomic absorption spectrometry (ETAAS), inductively coupled plasma-atomic emission spectrometry (ICP-AES), inductively coupled plasmamass spectrometry (ICP-MS) and glow discharge mass spectrometery, either with or without separation and preconcentration steps. 3, 8, 9 Pd is widely determined spectrophotometrically after preconcentration. 10 Despite the significant advances in analytical instruments, sample preparation is an essential step in the analytical process. Various methods including solvent extraction (LLE), 11 cloud point extraction (CPE), 12 coprecipitation, 8 solid phase extraction (SPE), 13 and ion-exchange 14 have been widely used for the preconcentration of Pd. 15, 16 However, most of these techniques suffer from the disadvantages of being time-consuming, using large amounts of toxic organic solvents and being relatively expensive leading to introducing dispersive liquid-liquid microextraction technique (DLLME) by Rezaee et al. [17] [18] [19] Because of the advantages of DLLME such as rapidity of operation, simplicity, low cost, high enrichment factor and low environmental impact, 20 this technique has attracted the attention of researchers and has been growing more popular in recent years. 19, 21 Combining DLLME with liquid phase microextraction based on solidification of floating organic droplet (DLLME-SFO), by Leong et al. 22 resulted in developing a new microextraction technique termed as DLLME-SFO.
In this method, an appropriate extraction solvent with low density and proper melting point near room temperature is dissolved in a water miscible disperser solvent and is rapidly injected into an aqueous sample. Accordingly, a cloudy solution is formed that provides an enormous contact area between the aqueous sample and organic droplets resulting in acceleration of mass transfer and reduction of the extraction time. High enrichment factors and good performance are of characteristics of this method. 23, 24 However, crashing of the solidified organic phase into small pieces is a problem usually encountered in this method that makes the collection of the organic phase somewhat problematic.
In the present work, a novel DLLME-SFO method with a heavier than water organic solvent is reported for separation/ preconcentration of Pd 2+ in water samples using N,N′bis(thiophen-2-ylmethylene)ethane-1,2-diamine as a chelating agent. Use of diphenyl ether (DPE) as a heavier than water organic solvent in this work makes the phase separation much easier as the solidified phase is sedimented at the bottom of the centrifuge tube and the aqueous phase is easily decantated. To the best of our knowledge, it is the first report on the application of DPE as an extracting solvent in the DLLME-SFO method and the first use of the aforementioned ligand for the extraction of metal ions.
Experimental

Apparatus
An ETAAS instrument (Shimadzu, AA 6650, Japan) with condensed graphite furnace and deuterium background correction equipped with an automatic sample injection system was used for the determination of Pd 2+ under optimal conditions. The heating program employed for palladium determination is shown in Table 1 . A palladium hollow-cathode lamp was used as the radiation source. Measurements were carried out in the peak height mode at 244.8 nm.
The pH values were adjusted with a Mettler Toledo 320-S pH meter (Shanghai, China). An Eppendorf Model 5810 (Hamburg, Germany) centrifuge was used to accelerate the phase separation.
Chemicals and reagents
Diphenyl ether, thiophene-2-carboxaldehyde, ethylenediamine, acetonitrile, ethanol, hydrochloric acid, Pd(II) chloride, sodium chloride and other chemicals used in the experiments were purchased from Merck (Darmstadt, Germany) and used without additional purification. Doubly distilled water was used for all the dilutions. The ligand, N,N′-bis (thiophen-2-ylmethylene)ethane-1,2-diamine (L), was synthesized from a condensation reaction of thiophene-2-carboxaldehyde with ethylenediamine in refluxing ethanol. 25 The chemical structure of the ligand (L) is shown in Fig. 1 .
Stock standard solution (100 mg L -1 ) of Pd 2+ was obtained in 0.5 mol L -1 HCl and working standard solutions were prepared daily by appropriate dilution of the stock standard solution. The solution of chelating agent, 500 mg L -1 , was prepared by dissolving an appropriate amount of ligand L in acetonitrile. Pipettes and vessels used in the experiments were washed with 10% nitric acid and subsequently washed three times with double distilled water.
DLLME-SFO procedure
The pH of 5.0 mL aqueous sample solution containing appropriate amounts of phosphate buffer and NaCl was adjusted on 4.0 (by micro additions of 1 mol L -1 solutions of HCl or NaOH). The sample was transferred into a 15 mL screw cap test tube with conic bottom. A mixture of 1.3 mL acetonitrile containing ligand L (dispersive solvent) and 60 μL DPE (extraction solvent) was rapidly injected into the sample solution (containing Pd) by using a syringe. A cloudy solution was formed in the test tube and Pd 2+ complex with ligand L was extracted into the fine droplets of DPE. After a short while, the formed cloudy solution was centrifuged at 3000 rpm for 8 min to deposit the fine droplets in the bottom of the test tube. The tube was then transferred into an ice bath to solidify the DPE phase. After 10 min, the supernant solution was decantated and the solidified droplet melted immediately at room temperature. The drop was diluted with ethanol (final volume 300 μL) and 20 μL of this solution was injected into ETAAS for the determination of Pd.
Results and Discussion
The selection of an appropriate extraction solvent is a key factor in the DLLME-SFO method. The solvent should be immiscible with water and should have low volatility, low toxicity, low melting point around room temperature (in the range of 10 -30 C), no interference with the analytical technique used for the determination of analytes, high extraction capability for target compounds, high affinity for analytes and low cost.
The initial experiments indicated that DPE (m.p. 26 C) is an appropriate organic solvent for the DLLME-SFO method. This solvent was more dense than water (1.073 g mL -1 at 25 C), and after centrifugation and solidification was sedimented at the bottom of the test tube. Therefore, it could be easily collected after decantation of the supernant solution.
In order to obtain a high recovery and enrichment factor for the determination of trace levels of palladium, the effects of various experimental parameters such as the type and volume of the dispersive and extraction solvents, sample volume, concentration of the chelating agent, ionic strength and pH of aqueous sample on the performance of the DLLME-SFO method were investigated and optimized. 
Effect of the extraction solvent's volume
In order to obtain a high recovery and enrichment factor, the volume of extraction solvent as an essential factor was studied. The effect of the volume of DPE as the extraction solvent was investigated using different volumes of this solvent under the same DLLME-SFO conditions. By increasing the volume of DPE from 20 to 100 μL, maximum recovery was observed around 60 μL as shown in Fig. 2 . Therefore, this volume was selected as the optimum volume of extracting solvent. The decrease of recovery in larger DPE volumes may be explained by the fact that any change in the ratio of disperser solvent to organic solvent may alter the polarity of the extraction phase and hence reduce the extraction efficiency of the analyte.
Effects of the type and volume of the disperser solvent
A disperser solvent should be miscible with both the extraction solvent and the aqueous sample. For the purpose of acquiring the highest extraction efficiency, four types of disperser solvents including acetonitrile, acetone, ethanol and methanol were studied. The recoveries obtained for the solvents were 98.2, 65.6, 45.1 and 51.4, respectively. Thus, acetonitrile was selected as the most suitable disperser solvent.
The influence of the volume of acetonitrile in the range of 0.5 -2.5 mL was also examined. The results, shown in Fig. 3 , indicated that at low volumes of acetonitrile the DPE was not completely dispersed and the extraction efficiency was low. By further increasing the acetonitrile volume up to 1.3 mL, the recovery increased but it leveled off again at higher volumes. Thus, 1.3 mL was used as the optimum volume of the disperser solvent.
Effect of chelating agent concentration
The efficiency of palladium extraction is dependent on the ligand concentration. This parameter was evaluated in the concentration range of 100 -1000 mg L -1 (Fig. 4) . The results indicated that the recovery of palladium increased with the increase of chelating agent concentration up to 500 mg L -1 , and then almost remained constant. Thus, 500 mg L -1 of chelating agent was used as the optimum concentration of ligand L.
Effect of sample pH
The pH of the sample solution has a significant effect on the formation of the complex between the ligand L and Pd 2+ and therefore influences the extraction efficiency into the organic phase. This parameter was investigated within a pH range of 2 -9. As the results in Fig. 5 show, the recovery increased when increasing the pH up to 4, and then suddenly decreased at higher pH values. It may be because palladium is hydrolized and precipitated in alkaline solutions and in acidic solutions, there is competition between proton and the metal ion for the ligand sites. The samples were buffered by 0.02 mol L -1 phosphate buffer for stabilization of pH during this study.
Salt effect
In order to study the effect of the ionic strength on recovery, several experiments were designed with different NaCl concentrations ranging from 0 to 1.0 mol L -1 . The results indicated that the salt increased the recovery from 88.4 to 91.9% by increasing the NaCl concentration from 0 to 0.2 mol L -1 . This may be explained by a decrease in the solubility of the analyte in the aqueous phase due to the salting out effect. However, a further increase of the salt concentration reduced the recovery with a moderate slope. Competition of matrix ions with the analyte for the active sites of the ligand at a high salt concentration may be a good explanation for this observation.
Optimization by the response surface method
In order to study the interaction effects between the different variables influencing the extraction efficiency in the DLLME-SFO method, a response surface methodology (RSM) based on central composite design (CCD) as a multivariate statistic technique was used. The investigated variables and their levels are shown in Table 2 . Estimated regression coefficients and t-statistics for the recovery of palladium using the response surface model are shown in Table 3 . Figure 6 shows some of the estimated surface plots for simultaneous effects of pairs of factors of the studied factors on the recovery of Pd 2+ . Calculating the optimum point by the response surface model indicated that maximum recovery will be obtained for a pH of 4.0, Vdis of 1.3 mL, Vorg of 60 μL and Clig of 500 mg L -1 . As can be seen, the results of the response surface model confirm the results of the one-at-a-time optimization method.
Interference from coexisting ions
The interfering ions commonly found in environmental samples may influence the preconcentration procedures. The effects of potentially interfering ions such as Cu 2+ , Ni 2+ , Cd 2+ , Ca 2+ , Fe 3+ , Cr 3+ , Co 2+ , Hg 2+ , Ag + , Na + , Pb 2+ , k + and Mg 2+ on the preconcentration/separation and determination of Pd 2+ were examined under the optimum conditions. For this purpose, 5 mL of binary mixtures of Pd 2+ (1 μg L -1 ) and interfering ions with 100 times of the Pd 2+ concentration were investigated. The interfering effects of the ions are shown in Fig 7. As shown in the figure, only the interference from Hg 2+ is significant.
In order to overcome the interference effect from Hg 2+ , this effect was studied more closely. In the first step, the concentration of Hg 2+ was reduced to 50 μg L -1 with constant Pd 2+ concentration. In this way, the RE was reduced from 12.75 to 4.52% indicating that this level of Hg 2+ can be tolerated by the method.
In the second step, potassium iodate (KI) with a concentration of 0.02 mol L -1 was used as a masking agent. Using 100 μg L -1 of Hg 2+ and 1 μg L -1 of Pd 2+ resulted in an RE of only 3.89% indicating that KI is an efficient masking agent for Hg 2+ and can be used to overcome the interference from this metal ion.
The analytical performances of the DLLME-SFO method
The optimum conditions obtained for the preconcentration of Pd by the DLLME-SFO method were as follows: DPE volume, 60 μL; disperser (acetonitrile) volume, 1.3 mL; ligand L concentration, 500 mg L -1 ; sample pH, 4 and NaCl concentration, 0.2 mol L -1 . Ten replicated analyses at the optimized conditions resulted in a recovery of 101.81% with a relative standard deviation (RSD) of 3.2% for Pd(II). The calibration graph exhibited linearity over the range of 10 -120 μg L -1 with a slope of 0.0046 μg -1 and an intercept of 0.0707. The detection limit of the DLLME-SFO method was calculated from three times of the standard deviation of the blank (n = 20) to be 47 ng L -1 for palladium.
Real sample analysis
In order to investigate the applicability of the proposed procedure to field samples, the method was applied for the determination of Pd 2+ in two river water samples (collected from two different positions of Knorram-rood, Khoramabad, Iran) and a spring water sample (taken from Golestan spring, Khoramabad, Iran). The analytical results have been summarized in Table 4 . The results indicate that the recoveries for the spiked Pd 2+ are quite reasonable.
Conclusions
A new method of DLLME combined with ETAAS has been proposed for the determination of trace amounts of Pd 2+ based on the formation of an ion associate of Pd 2+ with N,N′bis(thiophen-2-ylmethylene)ethane-1,2-diamine for its extraction into an organic phase from aqueous samples. This method is simple and rapid, with high enrichment factor and low limit of detection that produces minimal waste. The method enables analysis of lower concentrations of Pd 2+ in environmental samples compared to direct methods.
Notable in this study is the use of DPE as an organic solvent in the DLLME-SFO method for the first time. DPE compared to other solvents used in the DLLME-SFO method forms a stable cloud and because of its greater density than water, the phase separation for it is much easier. 
